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High electron mobility in nearly lattice-matched AlInN / AlN / GaN
heterostructure field effect transistors
Jinqiao Xie, Xianfeng Ni, Mo Wu, Jacob H. Leach, Ümit Özgür, and Hadis Morkoça兲
Department of Electrical and Computer Engineering, Virginia Commonwealth University, Richmond,
Virginia 23284, USA

共Received 9 August 2007; accepted 16 September 2007; published online 28 September 2007兲
High electron mobility was achieved in Al1−xInxN / AlN / GaN 共x = 0.20– 0.12兲 heterostructure field
effect transistors 共HFETs兲 grown by metal-organic chemical vapor deposition. Reduction of In
composition from 20% to 12% increased the room temperature equivalent two-dimensionalelectron-gas density from 0.90⫻ 1013 to 1.64⫻ 1013 cm−2 with corresponding electron mobilities of
1600 and 1410 cm2 / V s, respectively. The 10 K mobility reached 17 600 cm2 / V s for the nearly
lattice-matched Al0.82In0.18N / AlN / GaN heterostructure with a sheet carrier density of 9.6
⫻ 1012 cm−2. For comparison, the AlInN / GaN heterostructure without the AlN spacer exhibited a
high sheet carrier density 共2.42⫻ 1013 cm−2兲 with low mobility 共120 cm2 / V s兲 at room temperature.
The high mobility in our samples is in part attributed to ⬃1 nm AlN spacer which significantly
reduces the alloy scattering as well as provides a smooth interface. The HFETs having gate
dimensions of 1.5⫻ 40 m2 and a 5 m source-drain separation exhibited a maximum
transconductance of ⬃200 mS/ mm with good pinch-off characteristics and over 10 GHz current
gain cutoff frequency. © 2007 American Institute of Physics. 关DOI: 10.1063/1.2794419兴
AlGaN / GaN heterostructure field effect transistors
共HFETs兲 have recently attracted a good deal of attention for
high-frequency and high-power microwave electronics.1 Owing to the piezoelectric and spontaneous polarizations,
AlGaN / GaN HFETs grown on c-plane sapphire or SiC have
two-dimensional electron gas 共2DEG兲 densities of ⬃1
⫻ 1013 cm−2, even without doping the barrier.1 Moreover, by
increasing the Al composition in the barrier, the sheet carrier
density can be increased further, which is desirable for high
power and high frequency applications.2 When a 7 nm AlN
barrier is used, 2DEG densities could be as high as 5
⫻ 1013 cm−2, which is near the polarization limit.3 However,
the quality of the barrier with high Al% significantly reduces
the mobility.3,4 To address this issue, Kuzmík proposed using
nearly lattice-matched AlInN / GaN to improve the performance of HFETs with high sheet carrier densities provided
by spontaneous polarization only.5,6 Due to the difficulty of
AlInN growth, reports on AlInN and AlInN / GaN heterostructures in the literature are limited.7,8 An ultrathin AlN
layer is usually deposited before the AlGaN barrier to effectively reduce the alloy scattering and provide better confinement of electrons.9 Similarly, by using the AlN barrier, Gonschorek et al.10 improved the mobility to ⬃1170 cm2 / V s for
an undoped nearly lattice-matched AlInN / GaN heterostructure, but the low temperature mobility was still low
共⬃3170 cm2 / V s at 77 K兲 compared to the more established
AlGaN / GaN structures.9 In this letter, we study the temperature dependent Hall effect for the AlInN / AlN / GaN system
with In mole fraction tuned from 20% to 12%, straddling the
lattice matched condition. For the nearly lattice-matched
Al0.82In0.18N / AlN / GaN HFET structure, the Hall mobility
reached 1510 cm2 / V s at 300 K and 17600 cm2 / V s at
10 K, the latter representing a substantial improvement over
previous reports.
AlInN / GaN HFET structures were grown on 2 in.
共0001兲 sapphire substrates in a vertical low-pressure metala兲
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organic chemical vapor deposition 共MOCVD兲 system. The
growth was initiated with a 200 nm AlN buffer layer grown
at ⬃1050 ° C, followed by an ⬃3 m GaN. After depositing
an ⬃1 nm AlN interlayer, the wafer was cooled down to
750– 800 ° C for the AlInN barrier 共unintentionally doped兲
and ⬃2 nm GaN cap deposition. Hydrogen was used as the
carrier gas for the AlN and GaN buffer growth, and nitrogen
was used as the carrier gas for the AlInN growth. The background doping of the GaN buffer was ⬃1 ⫻ 1016 cm−3, as
determined by Hall measurements. The In composition in the
barrier was varied from 20% to 12%, which was controlled
by the growth temperature. After growth, the samples were
characterized by high resolution x-ray diffraction 共XRD兲,
atomic force microscopy 共AFM兲, and Hall measurements.
Moreover, HFETs having gate dimensions of 1.5⫻ 40 m
were fabricated and tested to complete our characterization.
The crystal quality of AlInN is believed to be the main
impediment to high quality AlInN / GaN HFETs because of
the low growth temperature of the AlInN compound. Normally, AlN requires high temperature, low pressure, and low

FIG. 1. 共Color online兲 High resolution XRD 共0002兲 -2 scans of
Al1−xInxN / AlN / GaN HFET structures with In compositions in the range of
20% to 12%. XRD datum for a conventional Al0.24Ga0.76N / AlN / GaN HFET
is also plotted for comparison. The plots are vertically shifted for clarity.
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FIG. 2. 共Color online兲 AFM image of an Al0.82In0.18N / AlN / GaN sample
with a 2 nm GaN cap layer.

ammonia flow rate, while InN needs low temperature, high
ammonia partial pressure, and relatively high chamber pressure to increase In incorporation efficiency. In our system,
AlInN is grown at temperatures used for InGaN with similar
indium composition, but with lower growth pressure
共50 torr兲 and relatively lower NH3 flow rates 关4000–
7600 SCCM 共SCCM denotes cubic centimeter per minute at
STP兲兴. When the NH3 flow rate is below 4000 sccm, the
incorporation rate of indium is dramatically reduced, and as
a result, an ⬃100 nm AlInN layer exhibited gray color 共by
the naked eye兲 which is similar to the observation of Carlin
et al.11 because of the residual indium metal. Under optimized conditions, we did not observe any obvious phase
separation by XRD measurements for calibration layers
共100– 200 nm thick兲 with In concentrations ranging from
22% to 7%. Figure 1 shows the 共0002兲 XRD -2 scan for
all the representative AlInN / AlN / GaN samples with nominal barrier thicknesses of ⬃22 nm. The AlInN XRD peaks
共guided by the dotted line兲 are clearly observed. Using cAlN
= 4.982 Å, cInN = 5.760 Å, aAlN = 3.112 Å, aInN = 3.548 Å,1
and Vegard’s law, the In compositions were determined as
20%, 18%, 17%, 15%, and 12%, respectively 共see Fig. 1兲.
The actual In composition is still somewhat debatable since
the deviation from Vegard’s law has been reported.12 XRD
data for one of our Al0.24Ga0.76N / AlN / GaN HFET structure
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grown at 1030 ° C is also plotted for comparison. Clear
thickness fringes are observed in the AlInN / GaN structure
which indicate abrupt interfaces. Those fringes are more pronounced in structures with high In composition 共20% and
18%兲, suggesting that the abrupt interface may be related to
the growth temperature 共low growth temperature resulting in
sharper interfaces兲. For comparison, no obvious fringes were
observed in the AlGaN / AlN / GaN structure.
Figure 2 shows a typical AFM image of an
Al0.82In0.18N / AlN / GaN sample with a 2 nm GaN cap layer.
The surface morphology is similar to that observed for the
AlGaN / GaN HFET structures with clear atomic steps. For
an ⬃100 nm thick In0.18Al0.82N calibration layer 共not
shown兲, AFM indicates small hexagonal “domains” of
around 200 nm diameter, similar to that reported by Butté et
al.13 At low growth temperatures, the low mobility of adatoms, especially that of Al, would prohibit the step-flow
growth mode. This would also explain the structural degradation observed from the XRD rocking curve measurements
in thick InAlN layers 共⬎250 nm兲.11
Temperature-dependent Hall measurements were carried
out from 10 to 300 K using a van der Pauw configuration in
a LakeShore system. Ohmic contacts were prepared by 60 s
rapid thermal annealing of Ti/ Al/ Ti/ Au 共30/ 100/ 30/
30 nm兲 at 850 ° C. Figure 3 shows the temperaturedependent Hall mobility and the sheet carrier density for two
nearly lattice-matched Al0.82In0.18N / GaN HFETs, with and
without an AlN spacer. When the AlN spacer is not used, the
Hall mobility at room temperature is extremely low
共⬃120 cm2 / V s兲 with a high sheet carrier density of ns
= 2.42⫻ 1013 cm−2, which is similar to that reported by other
groups.8,10 The temperature-dependent measurements revealed that the conduction in this sample is similar to that in
bulk material 共see Fig. 3兲. Around 190 K, the Hall mobility
reaches its maximum and decreases to 100 cm2 / V s at 10 K.
Ungated FET structures show good current saturation at
⬃10 V for a 5 m source-drain separation, which indicates
that the conduction is mainly due to the 2DEG. When an
⬃1 nm AlN spacer is used, the Hall mobility dramatically
improved and exceeded 1400 cm2 / V s at room temperature
共see Table I兲 for all the samples under investigation. Gonschorek et al. have found that the AlN spacer is critical to

FIG. 3. 共Color online兲 Temperature
dependent 共a兲 Hall mobility and 共b兲
sheet carrier density for the nearly
lattice-matched
Al0.82In0.18N / GaN
HFETs with and without a 1 nm AlN
spacer. The inset shows the effect of
AlN spacer on Hall mobility and sheet
carrier density of Al0.845In0.155N /
AlN / GaN HFET structures.
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TABLE I. Measured Hall mobility and sheet carrier density for
Al1−xInxN / AlN / GaN HFETs at 300 and 10 K.

Hall
共cm2 / V s兲

In
in the
barrier
共%兲

AlN
spacer
共nm兲

300 共K兲

10 共K兲

300 共K兲

10 共K兲

20
18
17
15
12
18
15.5

1
1
1
1
1
None
None

1560
1510
1410
1600
1420
120
140

15 340
17 600
11 710
11 800
14 100
100
130

0.90
1.16
1.24
1.27
1.64
2.42
2.60

0.77
0.96
1.05
1.15
1.33
2.12
2.47

ns
共⫻1013 cm−2兲

FIG. 4. Typical I-V characteristics of FETs fabricated on the nearly latticematched Al0.82In0.18N / AlN / GaN samples. The gate length is 1.5 m, gate
width is 40 m, and the source-drain separation is 5 m. The maximum
transconductance is ⬃200 mS/ mm.

obtain high electron mobilities in AlInN / GaN HFET structures, and that the thickness of the spacer can dramatically
influence the surface morphology and can result in the variaan ⬃1 nm AlN spacer layer increased the Hall mobility valtion of the mobility.10 In our samples, when the In mole
ues to between 1410 and 1600 cm2 / V s. For the nearly
fraction was reduced from 20% to 12%, the roomlattice-matched Al0.18In0.82N / AlN / GaN structures, the Hall
temperature sheet carrier density slightly increased from
mobility was 1510 cm2 / V s at 300 K which increased to
13
13
−2
0.90⫻ 10 to 1.64⫻ 10 cm due to the increase of the po17 600 cm2 / V s at 10 K. HFETs with a 1.5 m gate length
larization field. Furthermore, the low-temperature Hall moand 40 m gate width exhibited a maximum transconducbility values of our samples 共20%–12%兲 are much higher
10
tance of 200 mS/ mm and current gain cutoff frequency of
than
the
data
of
Gonschorek
et
al.
14
10.2 GHz. Our results suggest that the lattice-matched
2
2
共⬃3170 cm / V s at 77 K兲 and Hiroki et al. 共⬃2600 cm /
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crowave device applications.
high as 17 600 cm2 / V s for the nearly lattice-matched
Al0.18In0.82N / AlN / GaN sample with a sheet carrier density
This work has been funded by a grant from the 共U.S.兲
of 0.96⫻ 1013 cm−2. It is interesting to note that our samples
Air Force Office of Scientific Research 共Drs. Kitt Reinhardt
with AlN spacers have a smaller electron sheet carrier denand Don Silversmith兲.
sity than the previously reported values 关共2.2– 3兲
1
⫻ 1013 cm−2兴 for a similar barrier thickness.8,10
H. Morkoç, Handbook of Nitride Semiconductors and Devices 共WileyTo investigate the effect of AlN spacer, we have grown a
VCH, New York, in press兲, Vols. I–III.
2
Y.-F. Wu, B. P. Keller, P. Fini, S. Keller, T. J. Jenkins, L. T. Kehias, S. P.
set of samples by changing only the nominal thickness of
Denbaars, and U. K. Mishra, IEEE Electron Device Lett. 19, 50 共1998兲.
AlN spacer 共0, 0.4, 0.7, and 1.1 nm兲 without GaN cap layer.
3
Y. Cao and D. Jena, Appl. Phys. Lett. 90, 182112 共2007兲.
4
XRD data together with the simulation 共not shown兲 for the
S. Arulkumaran, T. Egawa, H. Ishikawa and T. Jimbo, J. Vac. Sci. Technol.
sample without AlN spacer were used to determine the
B 21, 888 共2003兲.
5
J. Kuzmík, IEEE Electron Device Lett. 22, 510 共2001兲.
Al0.845In0.155N barrier thickness to be ⬃29.5 nm. 300 K Hall
6
J. Kuzmík, Semicond. Sci. Technol. 17, 540 共2002兲.
measurements 共see inset in Fig. 3兲 showed that for 0, 0.4,
7
C. Hums, J. Bläsing, A. Dadgar, A. Diez, T. Hempel, J. Christen, A. Krost,
0.7, and 1.1 nm AlN spacer thicknesses, the sheet carrier
K. Lorenz, and E. Alves, Appl. Phys. Lett. 90, 022105 共2007兲.
13
13
13
8
densities were 2.6⫻ 10 , 1.8⫻ 10 , 1.1⫻ 10 , and 0.9
A. Dadgar, F. Schulze, J. Bläsing, A. Diez, A. Krost, M. Neuburger, E.
⫻ 1013 cm−2, with Hall mobilities of 140, 120, 1370, and
Kohn, I. Daumiller, and M. Kunze, Appl. Phys. Lett. 85, 5400 共2004兲.
9
M. Miyoshi, H. Ishikawa, T. Egawa, K. Asai, M. Mouri, T. Shibata, M.
1550 cm2 / V s, respectively. The AlN spacer thickness was
Tanaka, and O. Oda, Appl. Phys. Lett. 85, 1710 共2004兲.
maintained below the critical thickness and as such that the
10
M. Gonschorek, J.-F. Carlin, E. Feltin, M. A. Py, and N. Grandjean, Appl.
strain is invariant to a first extent.15 This rules variable strain
Phys. Lett. 89, 062106 共2006兲.
11
as being the cause of the reduction in sheet density as the
J.-F. Carlin, C. Zellweger, J. Dorsaz, S. Nicolay, G. Christmann, E. Feltin,
AlN thickness is increased. The plausible explanation would
R. Butté, and N. Grandjean, Phys. Status Solidi B 242, 2326 共2005兲.
12
K. Lorenz, N. Franco, E. Alves, I. M. Watson, R. W. Martin, and K. P.
be electron transfer from the unintentionally doped AlInN
O’Donnell, Phys. Rev. Lett. 97, 085501 共2006兲.
barrier layer and/or the surface.16–18
13
R. Butté, J.-F. Carlin, E. Feltin, M. Gonschorek, S. Nicolay, G. ChristFinally, we have fabricated HFET devices, and the typimann, D. Simeonov, A. Castiglia, J. Dorsaz, H. J. Buehlmann, S. Chriscal current-voltage 共I-V兲 characteristics are shown in Fig. 4.
topoulos, G. Baldassarri Höger von Högersthal, A. J. D. Grundy, M.
Mosca, C. Pinquier, M. A. Py, F. Demangeot, J. Frandon, P. G. LaThe particular device shown has a 1.5 m gate length and
goudakis, J. J. Baumberg, and N. Grandjean, J. Phys. D 40, 1 共2007兲.
5 m source-drain separation and shows very good pinch-off
14
M. Hiroki, H. Yokoyama, N. Watanabe, and T. Kobayashi, Superlattices
characteristics at a −4.3 V gate bias. The peak transconducMicrostruct. 40, 214 共2006兲.
15
tance reaches 200 mS/ mm at 5 V drain bias. Small signal
I. P. Smorchkova, S. Keller, S. Heikman, C. R. Elsass, B. Heying, P. Fini,
scattering parameter measurements revealed a 10.2 GHz curJ. Speck, and U. K. Mishra, Appl. Phys. Lett. 77, 3998 共2000兲; M. Miyoshi, T. Egawa, and H. Ishikawa, J. Appl. Phys. 98, 063713 共2005兲.
rent gain cutoff frequency 共兩h21兩兲.
16
J. P. Ibbetson, P. T. Fini, K. D. Ness, S. P. DenBaars, J. S. Speck, and U.
In summary, we have grown Al1−xInxN / GaN HFET
K. Mishra, Appl. Phys. Lett. 77, 250 共2000兲.
structures by MOCVD and investigated their structural and
17
H. W. Jang, C. M. Jeon, K. H. Kim, J. K. Kim, S.-B. Bae, J.-H. Lee, J. W.
transport properties. While the 300 K Hall mobility was only
Choi, and J.-L. Lee, Appl. Phys. Lett. 81, 1249 共2002兲.
18
2
and M.
Spencer, Appl. Phys. Lett. 86, 042107 共2005兲.
/ V s for samples
without
an AlNReuse
spacer,
inclusion
120 is
cmcopyrighted
This article
as indicated
in the article.
of AIP
contentof
is subjectG.toKoley
the terms
at:G.
http://scitation.aip.org/termsconditions.
Downloaded to IP:
128.172.48.59 On: Wed, 08 Apr 2015 17:34:30

